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Abstract 
Recently, power assisted nursing care systems have received much attention and those researches have been done actively.  In such a 
control system, an actuator and a control valve are mounted on the human body.  Designing the system, the size and weight of the valve 
become serious concerns.  At the same time, the valve should be operated with lower energy consumption because of the limited electrical 
power.  The purpose of our study is to develop a small-sized, lightweight and lower energy consumption control valve.  In our previous 
study, a new type of fluid control valve with a self-holding function using a permanent magnetic ball in a check valve, a cylindrical 
magnet and two solenoids was also proposed and tested.  In this study, a digital servo valve with self-holding function is proposed and 
investigated experimentally.  As a result, we can confirm that the tested digital servo valve can control the output flow rate in both supply 
and exhaust with low energy consumption. 
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1. Introduction 
Recently, force feedback devices in virtual reality and power assisted nursing care systems [1] [2] have received much 
attention and many active researches have been carried out.  In such a control system, an actuator and a driving device such 
as a control valve are mounted on the human body [3]-[5].  When we consider the development of a wearable control valve 
that can drive pneumatic actuators to support the multi-degrees of freedom of human motion, the size and weight of the 
valve become serious problems.  The typical electromagnetic solenoid valve drives its spool using a larger solenoid to open 
the flow passage.  In addition, the solenoid valves have a complex construction to keep a seal while the spool is moving.  
This complex construction makes its miniaturization and the fabrication of a low cost valve more difficult.  The purpose of 
our study is to develop a small-sized and lightweight control valve that can be safe enough to mount on the human body at a 
lower cost.  In our previous study, we proposed and tested a small-sized control valve that can be driven using a vibration 
motor [6]. In the valve, the orifice and the steel ball are inserted into a flexible tube.  The vibration motor is set on the outer 
side of the flexible tube.  When the vibration motor is driven, the tube is oscillated.  It, then, gives a horizontal direction 
force to the ball.  Then, the inner ball starts to move and rotate along to the inner wall of the tube.  When the vibration motor 
is stopped, the steel ball automatically moves toward the orifice as in a check valve.  This method is more useful to supply a 
stable flow rate compared with other methods of opening the valve using vibration [7]-[9].  We had also investigated the 
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output flow characteristics of the tested valve.  In the next step for the development of a wearable control valve, we should 
consider to develop a valve with lower electric power consumption.  In order to decrease the electric power consumption of 
the valve, it is useful to reduce the electric power to keep the valve open or close.  Therefore we proposed and tested the 
valve with self-holding function that can hold the state of opening and closing with no electrical power [10].  In addition, if 
the valve can operate many flow lines, it can decrease more the energy consumption per port.  So, we improved the valve 
with self-holding function so that it can operate many directions of flow line, such as a supply port or an exhaust port, at the 
same time [11].   
However, in the case of adjusting adjust the analog output flow rate of the tested valve, the valve must be driven by the 
PWM method.  In this case, the electric power consumption of the tested valve increases according to the driving time.  
Moreover, to decrease the electric power while the valve holds the inner pressure constant, it is desirable that the valve has a 
function of cutting off the output port without supply and exhaust.  Therefore, in this paper, we propose and test a digital 
servo valve with self-holding function to control the output flow rate from the valve and cut off the output port in order to 
control the pressure in the pneumatic actuator. 
2. Fundamental concept 
Figure 1 shows the fundamental concept of the proposed control valve.  The figure shows the model of the tested valve 
using the check valve which is composed of a steel ball and an orifice.  Figure 1 (a) and (b) illustrate the operational image 
of a typical electromagnetic on/off control valve and the proposed valve, respectively.  In both valves, the supply pressure is 
applied from the lower inlets as shown in Fig.1.  The steel ball is always applied by the upper force according to the 
differential pressure between the inlet and the outlet of the orifice and its sectional area.  To open the typical on/off valve as 
shown in Fig.1 (a), it needs a larger longitudinal pulling force that can overcome the pushing force of the ball generated by 
the supplied pressure.  Therefore, the typical electro-magnetic solenoid valve needs a relatively larger solenoid to open the 
valve surely, which prevents the miniaturization of the valve.  In addition, in order to pull the steel ball while keeping the 
seal between the inside and the outside of the valve, it needs some complex mechanisms which prohibit reducing the cost of 
the valve. In the proposed valve as shown in Fig.1 (b), to increase the opening of the valve, we apply horizontal force to the 
steel ball. Using this method, it becomes possible to open the valve using a smaller force.  When closing the valve, we stop 
applying the horizontal force and the inner steel ball automatically moves toward the orifice by the generated force of 
momentum of the flow, such as in a check valve. Then, the ball closes the orifice as in the stable condition of a check valve. 
(a)     (b)  
Fig. 1. Fundamental concept of the tested valve for (a) Concept of typical valve and (b) Concept of proposed valve 
Figure 2 (a) shows the model of the proposed valve.  The model shows a check valve that includes the steel boll with an 
outer diameter D and a narrow orifice with an inner diameter d.  The longitudinal force F to open the valve is equal to the 
generated force by the pressure calculated by multiplication of the differential pressure and the sectional area of the orifice.  
In order to open the valve using the horizontal force f, the generated torque using the horizontal force at the point of the 
fulcrum C as shown in Fig.2 (a) must overcome the torque calculated by the longitudinal force and radius of the orifice (d/2).  









                                                                                    
(1) 
Figure 2 (b) shows the relation between the ratio of the force f/F and the ratio of diameter D/d calculated by Eq. (1).  
From Fig.2 (b), the required horizontal force f to open the valve is about 1/4 compared with the longitudinal force in the 
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case using diameter D of 2 mm and diameter d of 0.5 mm.  This means that the proposed method is very effective to open 
the valve. 
 (a)     (b)  
Fig. 2. Theoretical model and calculated result to open the valve for (a) Model of the valve and (b) Theoretical force ratio to open 
3. Digital servo valve with self-holding function 
Figure 3 shows the construction of the digital servo valve that we proposed and tested.  The valve consists of a servo 
motor (Kondo Co. Ltd., KRS-2352 ICS, speed: 429deg./s), a disk with two cylindrical magnets and six check valves that 
each consists of an orifice in the flexible tube with an inner diameter of 2.5 mm and a steel ball or a magnetic ball with outer 
diameter of 2mm.  The center of the disk is connected with the shaft of the motor.  The eight check valves are set on parallel 
to the surface of the disk.  The rotational angle of the disk is easily controlled by a micro-computer (Renesas Co. Ltd., 
H8/3664) with PWM timer function.  The mass of the tested valve is about 80 g, and the valve has a length of 41 mm, a 
width of 55 mm and a height of 61 mm. 
Figure 4 shows the schematic diagram and the location of the elements in the digital servo valve with self-holding 
function.  The two cylindrical magnets are located at the point of the center angle of 120 degrees and radius of 12 mm from 
the center of the disk.  In the neutral position, each cylindrical magnet is positioned at an angle of 60 degrees to the 
longitudinal direction of the check valve.  The three check valves are used as exhaust ports.  The other three check valves 
are used as supply ports.  The tube end of all check valves are connected to each other as an output port.  The other three 
ends of the check valves for supply ports are connected with a tank with a high pressure of 500 kPa.  The others are not 
connected to anything.  So, the direction of natural flow of the check valves between the supply ports and exhaust ports are 
reversed.  In both supply and exhaust ports, the steel balls or the magnetic balls in the check valves are set at specific angle 
on the orbit so that the cylindrical magnet can move as shown in Fig.4.  Each center angle from the cylindrical magnet at the 
neutral position to the ball is 27, 75 and 97 degrees, and each inner diameter of the orifices is 0.4, 0.6 and 0.8 mm, 
respectively.  The value of the inner diameter in each orifice is selected so that the flow rate through the orifice becomes 
about two or three times as large as the lowest flow rate through the narrowest orifice in the valve.  Each location of the 
balls is selected so as not to be attracted to the other balls by the cylindrical magnet while the only one ball is attracted.  It 
means that the cylindrical magnet can attract each ball independently.  In the case of the check valve with the inner diameter 
of 0.8 mm, the magnetic ball is used instead of the steel ball, because a larger magnetic force is required to open the check 
valve. 
      
Fig. 3. Schematic diagram and view of the digital servo valve with self-holding function; Fig. 4. Schematic diagram and location of the elements in the 
digital servo valve with self-holding function 
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 (a)  
(a)  Neutral position with no supply and exhaust 
(b)     (c)  
(b) Exhaust position 1(E1); (c) Exhaust position 2(E2) 
(d)     (e)  
(d) Exhaust position 3(E3); (e) Supply position 1(S1) 
(f)     (g)  
(f) Supply position 2(S2); (g) Supply position 3(S3) 
Fig. 5. Schematic diagram and view of the digital servo valve with self-holding function 
Figure 5 shows the operating principle of the tested digital servo valve.  The valve has seven states.  One is the neutral 
state in which the valve can close the output port without supply and exhaust as shown in Fig.5 (a).  The others are three 
exhaust stages as shown in Fig.5 (b) to (d) and three supply stages as shown in Fig.5 (e) to (g).  Each figure in Fig.5 shows 
the location of two cylindrical magnets in the disk for each state of the valve, respectively.  The operating principle of the 
valve is as follows.  First, two cylindrical magnets stay at the neutral position as shown in Fig.5 (a).  To increase the output 
flow rate from the servo valve, the servo motor rotates the disk from the neutral position to 27 degrees clockwise.  The 
lower cylindrical magnet attracts the ball in the check valve.  Then, the check valve (S1) as shown in Fig.5 (e) opens.  By 
rotating the disk an additional 38 degrees (75 degrees from the neutral position) clockwise using the servo motor, the check 
valve (S2) as shown in Fig.5 (f) opens.  At the same time, the ball in the check valve (S1) loses the attracting magnetic force.  
Then, the ball automatically moves toward the orifice by the momentum of the flow and closes the check valve (S1) as 
shown in Fig.5 (f).  Then, the larger flow rate at the output port can be obtained according to the sectional area change from 
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S1 to S2.  In the same manner of increasing the output flow rate from the valve, the output flow rate can be decreased by 
rotating the disk counterclockwise.   In the case of exhaust, the upper cylindrical magnet as shown in Fig.4 is used.  The 
other cylindrical magnet does not act as shown in Fig. 5.  The tested digital servo valve can realize seven states that include 
holding the pressure and three types of output flow rate in both conditions of supply and exhaust.  In addition, while the disk 
rotates between two balls, it gives the overlap function to the valve.  It means that this time delay prevents opening two 
check valves at the same time.  The geometric configuration of check valves with various sizes of orifices as shown in Fig.4 
introduces the proportional stepwise change of the output flow rate according to the rotational angle of the disk in both 
supply and exhaust.  The neutral position is used to hold the pressure in the output port constant by cutting off both the 
supply and exhaust ports.  The position of the cylindrical magnets can be held at a specific position without electrical input 
by turning off both the electrical supply voltage and the duty signal to the servo motor at the same time.  It means that the 
tested valve can control the flow rate of both supply and exhaust in digital control with lower energy consumption. 
Figure 6 shows the relation between the output flow rate from the valve and the valve state.  In Fig.6, each character E1, 
E2 or E3 refers to the active check valves.  In the experiment, the output flow rate was measured by a digital flow meter 
(SMC Co. Ltd., PF2A750-01-27).  In the measurement of the supply flow rate, the supply pressure of 500 kPa is applied at 
the supply port in the condition that the output port is not connected with anything, that is, to use the output port as an 
exhaust port.  The flow rate from the output port to the atmosphere is measured by the digital flow meter.  In the case of 
measuring the flow rate for exhaust, the output port is pressurized to 500 kPa in the condition that the supply ports cut off 
the output port of the valve.  From Fig.6, it can be seen that the relation between the output flow rate and the valve state is 
proportional in both cases of supply and exhaust states. 
Figure 7 shows the transient response of the output pressure in the output port of the valve for stepwise valve state 
change, that is, a stepwise angular change of the disk.  In the experiment, the output port is released to the atmosphere 
through the orifice with the inner diameter of 0.7 mm.  The pressure in the output port was measured by a pressure sensor 
(Keyence Co. Ltd., AP-33).  The valve state was changed according to the order of the neutral position, S1, S2, S3, S2, S1 
and the neutral position every 1 second.  From the pressure change in Fig.7, we can confirm that the tested valve can control 
the output pressure according to the valve state.  It can be also seen that the valve can adjust the flow rate in both cases of 
increasing and decreasing the output flow rate smoothly.  The time delay of the valve for a stepwise change is from 0.063 to 
0.083 seconds.  These values depend on the rotational speed of the servo motor and the distance between the two check 
valves.  Therefore, it is possible to improve the dynamics of the valve by changing the geometric configuration of the check 
valves and using a high speed servo motor. 
      













Fig. 7. Transient response of the output pressure in the output port of the valve for stepwise change of the valve states 
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4. Improvement of digital servo valve 
We improved the digital servo valve to make it more compact and more lightweight.  Figure 8 shows the construction of 
an improved digital servo valve.  The valve consists of a servo motor(GWS Co. Ltd., PICO/STD/F, speed: 500deg./s), a disk 
with one cylindrical magnet and four check valves that each consists of an orifice in the flexible tube with inner diameter of 
2.5 mm and a magnetic ball with outer diameter of 2mm.  The center of the disk is connected with the shaft of the servo 
motor.  The four check valves are set on parallel to the surface of the disk.  The rotational angle of the disk is easily 
controlled by a micro-computer with PWM timer function.  The mass of the tested valve is about 35.9 g that is 45% 
compared with the previous valve.  The valve has a length of 24 mm, a width of 36 mm and a height of 50 mm.  Thus, the 
volume of the valve is decreased to 31% of previous valve by redesigning the arrangement of the orifice tube. 
Figure 9 shows the schematic diagram and location of the elements in the improved digital servo valve.  The operating 
principle, that the valve opening can be controlled by adjusting the angle of rotation of the servo motor, is the same as the 
previously developed valve.  In the improved valve, the number of the check valve was decreased from six to four in order 
to realize a miniaturization.  Consequently, the valve has five states.  In addition, by decreasing the angular difference 
between each magnetic ball, the response of the valve will be improved.  Because the dead time of the valve depends on the 
moving time of the cylindrical magnet. 
 
Fig. 8. Schematic diagram and view of the improved digital-servo valve 
 
Fig. 9. Schematic diagram and location of the elements in the improved digital servo valve 
Figure 10 shows the relation between the valve states and output flow rate from the valve.  A condition of the experiment 
is the same as that in Figure 6.  From Fig.10, it can be seen that the relation between the output flow rate and the valve state 
is proportional in both cases of supply and exhaust states.  However, the maximum flow rate was decreased to 64% 
compared with the previous valve. 
103 Shujiro Dohta et al. /  Procedia Engineering  41 ( 2012 )  97 – 104 
 
Fig. 10. Relation between the valve states and output flow rate from the improved valve 
5. Application of digital servo valve 
As an application of the improved digital servo valve, we applied it to the position control of the rubber artificial muscle 
which was used often in the power assisted system [12].  Figure 11 shows the view of a control system for position control 
of rubber artificial muscle using the improved valve.  The system consists of an improved valve, a rubber artificial muscle, 
two potentiometers (MIDORI PRECISIONS Co. Ltd., LP-50F) and a micro-computer (Renesas Co. Ltd., H8/3664).  The 
artificial muscle has a length of 254 mm, a stroke of 63 mm at a supply pressure of 500 kPa and an inner diameter of 10 mm.  
The position control is done as follows.  The micro-computer gets the output voltages from two potentiometers through A/D 
converter: a desired and a measured value are detected.  From two values, the micro-computer calculates the deviation from 
the desired value and performs the position control of rubber artificial muscle by controlling the improved valve on the 
simple control scheme.   
 
Fig. 11. View of the control system for position control 
Figure 12 shows the transient response of axial displacement of rubber artificial muscle.  In Fig.12, the blue line and red 
line show the desired value and the measured value, respectively.  In the experiment, the supply pressure of 500 kPa is 
applied to the supply port.  The proportional control scheme was used as a control law.  The desired value was set to 20 mm.  
From Fig.12, it can be seen that there is the dead time of about 0.1 seconds and there is a positioning error of about ±1mm.  
This is caused by the delay of the valve.   
      
Fig. 12. Response results of position control   Fig. 13. Response results of master-slave control 
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Figure 13 shows the transient response of axial displacement of rubber artificial muscle in a master-slave control.  In 
Fig.13, the blue line shows the desired position (master), and the red line shows the position of the artificial muscle (slave).  
From Fig. 13, it can be seen that the slave can trace the master.  However, there is a delay when the valve is switched from 
supply to exhaust or its opposite.  This delay seems to be decreased by improving the digital servo valve and the simple 
control scheme.   
6. Conclusion 
This study, aimed at improving the performance of the small-sized wearable control valve that can be operated with 
lower energy consumption, can be summarized as follows. 
1) Miniaturization has been achieved about 30% compared with the previous digital servo valve by redesigning the 
arrangement of the orifice tube and by using a small-sized servo motor. 
2) Using the improved digital servo valve, a position control system of rubber artificial muscle was built and the control 
experiment was performed by a proportional control scheme. As a result, the position control of the rubber artificial 
muscle was achieved using the improved valve with an error of 1mm. 
Acknowledgements 
This study was supported by the Ministry of Education, Culture, Sports, Science and Technology of Japan through a 
Financial Assistance Program for QOL Innovative Research(2012-) and a Grant-in-Aid for Scientific Research(C) (Subject 
No.24560315). 
References 
[1] Ishii,M., Yamamoto,K. and Hyodo,K., 2005. Stand- Alone Wearable Power Assist Suit -Development and Availability-, Journal of Robotics and 
Mehatronics, Vol.17, No.5, pp.575. 
[2] Nagata,Y. ed., 2004. Soft Actuators -Forefront of Development-, NTS Ltd., pp.291 (in Japanese). 
[3] Akagi,T. and Dohta,S., 2007. Development of a Rodless Type Flexible Pneumatic Cylinder and Its Application, Transaction of JSME, Series C, Vol.73, 
No.731, pp.2108. 
[4] Akagi,T. and Dohta,S., 2007. Development of McKibben Artifical Muscle with a Long Stroke Motion, Transaction of JSME, Series C, Vol.73, No.735, 
pp.2996. 
[5] Akagi,T. and Dohta,S., 2005, Development of Wearable Pneumatic Actuator and Multiport Pressure Control Valve, Journal of Robotics and 
Mechatronics, Vol.17, No.5, pp.529. 
[6] Akagi,T., Dohta,S. and Katayama,S., 2008. “Development of Small-sized Flexible Pneumatic Valve Using Vibration Motor and Its Application for 
Wearable Actuator”, Proc. 15th. Int. Conf. on Mechatronics and Marin Vision in Practice, pp.487-491. 
[7] Uehara,S. and Hirai,S., 2005. “Unconstrained Vibrational Pneumatic Valves for Miniaturized Proportional Control Devices”, Proceedings of 9th 
International Conference on Mechatronics Technology.  
[8] Jing,S., Kitagawa,A., Lui,C. and Tsukagoshi,H., 2008. A Study on a Sound Operated Valve for a Wearable Pneumatic System : 1st Report: 
Development of a Pilot Valve a Sound Operated Direction Control Valve, Journal of the Japan Fluid Power System Society, Vol.39, No.3, pp.54 (in 
Japanese). 
[9] Nishioka.Y, Suzumori,K., Kanda,T. and Wakimoto,S., 2008. “A New Pneumatic Control System using Multiplex Pneumatic Transmission”, Proc. of 7th. 
JFPS Inter- national Symposium on Fluid Power Toyama 2008, pp.439-442. 
[10] Akagi,T. Dohta,S. and Ueda,H., 2010. Development of Small-sized Fluid Control Valve with Self-holding Function Using Permanent Magnet, Journal 
of System Design and Dynamics, Vol.4, No.4, pp.552. 
[11] Ueda,H., Akagi,T. and Dohta,S., 2010. “Development of 2-Position 3-Port Control Valve with Self-holding Function”, Proceedings of SICE Annual 
Conference 2010, pp.1239-1243. 
[12] Noritsugu, T., Takaiwa,M. and Sasaki, D., 2009. Development of Power Assist Wear Using Pneumatic Rubber Artificial Muscle, Journal of Robotics 
and Mechatronics, Vol. 21, No.5, pp. 607. 
